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Abstract: Little has been studied about the potential risks and hazards 
arising from the use and operation of container-based sanitation (CBS) 
systems. Building on existing risk assessment frameworks, this case study 
aimed to identify exposure risks from faecal pathogens and relevant control 
measures in a CBS service chain. The case study employed a mixed-methods 
approach that included environmental sampling, key informant interviews, 
and direct observation. This inclusion of a behavioural dimension reflects a 
socio-cultural approach to risk analysis that is less evident in overtly quanti-
tative approaches to risk assessment that are typical of the health risk field. 
Data from this case study was collected in Naivasha, Kenya in July 2016. 
The hazard intensity and role of specific transmission routes was validated 
by environmental sampling, which found a high level of faecal contami-
nation on toilet surfaces and a consequent high risk of hand-to-mouth 
infection for users and operators. The hazard analysis identified nine critical 
control points where exposure risks may be either prevented or reduced via 
the implementation of relevant control measures. We discovered that the 
production of exposure risks was related to multiple, inter-related causal 
mechanisms and risk factors, findings we expect will guide approaches to 
exposure risk management in the future.
Keywords: container-based sanitation, environmental contamination, exposure risk, 
control measures, risk assessment
A lArge increAse in Access to, and provision of, current sanitation services is required 
to achieve universal sanitation by 2030 and meet sustainable Development goal 
(sDg) 6 (rochelle-newall et al., 2015). The most recent data available highlights that 
5.3 billion people globally lack access to ‘safely managed’ sanitation, defined as the 
isolation of harmful faecal pathogens in faeces and urine from human contact via 
safe containment and appropriate treatment of faecal matter (WHO, 2017). given 
the trends of urbanization, it is increasingly acknowledged that centralized sewered 
infrastructure, which is highly resource intensive in terms of capital and land, 
is unlikely to be able to respond to growing sanitation needs, especially in urban 
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and peri-urban contexts (WsUP/eY, 2017). A promising response to these issues is 
container-based sanitation (cBs) systems, which involve the containment of waste 
in sealable, removable containers and the collection and conveyance of urine and 
faeces from multiple households to undergo treatment at a waste processing site 
(Tilmans et al., 2016). importantly, cBs represents an entire value chain for faecal 
waste management that is independent of sewered infrastructure. Key sanitation 
service providers using cBs systems include sanivation, sOil, sanergy, and clean 
Team (Thomas et al., 2018; O’Keefe et al., 2015; nyoka et al., 2017). 
However, as the sDg 6 recognizes, increasing access to sanitation will only 
bring intended health benefits if sanitation is also ‘safely managed’. conditions 
associated with unsafe sanitation lead to the release and transmission of harmful 
faecal pathogens into the environment, subsequent human exposure, and possible 
infection (Brown et al., 2015; Prüss-üstün et al., 2004; Bain et al., 2014). exposure to 
faecal pathogens is a significant public health burden associated with acute 
and chronic conditions such as diarrhoeal diseases, environmental enteropathy 
(Humphrey, 2009), stunting (Mwase et al., 2016), and poor childhood devel-
opment (ngure et al., 2014). indeed, both on-site and off-site sanitation systems 
offer benefits and potential risks in regards to technology, disease prevalence, and 
the health status of families using the toilet (Peasey, 2000; Buckley et al., 2008). 
recent studies have linked dirty toilets to increased exposure and higher rates of 
moderate to severe diarrhoea (Baker et al., 2016), while numerous studies more 
broadly demonstrate that poorly managed sanitation systems can lead to exposure 
to faecal pathogens and subsequent negative health impacts (Prüss-üstün et al., 
2004; Katukiza et al., 2014; Drechsel et al., 2008; Buckley et al., 2008). 
Presently, there is limited evidence of exposure risks specific to the operation 
and management of cBs systems given the infancy of these sanitation solutions. 
One case-control study found no strong relationship between contamination 
of household drinking water and cBs use (russel et al., 2015). Another study 
described exposure risks arising from the use and operation of urine diversion dry 
toilets (UDDT), but these results were exclusively validated by literature review 
as opposed to empirical findings (stenström et al., 2011). Our study is timely in 
relation to recent findings that sanitation workers are often inadequately protected 
and face increased exposure risks due to a perception of low status in society 
(Burgess, 2016). Furthermore, informal waste management in low income settings 
is linked with microbiological exposure risks and related ill-health according to a 
number of studies (Maricou et al., 1998; rongo et al., 2004; Bleck and Wettberg, 
2012). in higher income settings, exposure via inhalation of bio-aerosols leading 
to respiratory tract infections in workers in wastewater and waste management 
occupations, such as composting operations, is described (carrington, 2001; 
Mnkeni et al., 2008; Turner et al., 2005; Walser et al., 2015). The management 
of operator vulnerability is typically framed in terms of compliance with control 
measures, such as the provision and use of protective equipment and relevant 
training (Medland et al., 2015). 
risk assessment approaches in engineering traditionally involve linear and simple 
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hazards (leveson, 2011). in contrast, emch (1999) describes exposure to faecal 
pathogens and disease risk resulting from a ‘dynamic complex of variables that exist 
in time and space’ (emch, 1999). This is typified in a socio-behavioural analysis of 
risk which places significance on both human agency and the structural contexts 
in which that behaviour is embedded and how it affects the way people perceive 
and respond to health risks (curtis et al., 2011). scammel (2010) states that such 
integration is essential to, ‘improve understanding of complex exposure pathways, 
including the influence of social factors on environmental health, and health 
outcomes’ (scammel 2010: 1152). These various determinants are classified by 
Mayer (1986) into a set of behavioural, environmental, socio-economic, biological, 
and cultural components (Mayer, 1986). How risk management frameworks account 
for the complexity of exposure risk and ensure effective risk management, are 
important questions. For example, ensuring compliance to control measures is 
principally a behavioural outcome, that will require the integration of a number of 
tools and methodological approaches, including an analysis of behavioural deter-
minants, to ensure that desired outcomes are achieved (Devine and Devine, 2009; 
Mosler, 2012a; Michie et al., 2014).
existing risk management frameworks to deliver safely managed sanitation, via 
strategies for the prevention, reduction, and mitigation of exposure, are being 
steadily adopted by the sanitation industry. sanitation safety Plans (ssPs) provide 
practical guidance for qualitative exposure assessments and are designed to 
mitigate health risks to system operators at the site level from exposure to harmful 
microorganisms in faecal matter (WHO, 2016). ssPs may use a Participatory rapid 
sanitation system risk Assessment (PrssrA) approach in which local stakeholder 
knowledge informs exposure risks assessment (campos et al., 2015). Hazard 
Analysis and critical control Points (HAccPs) is a risk framework used in food 
safety analysis which has been adopted by water and sanitation risk assessments 
to specify control measures at critical control points (ccPs) where it is possible 
to reduce, prevent or mitigate exposure (edmunds et al., 2016; Westrell, 2004). 
Alternatively, quantitative microbial risk assessment (QMrA) may be used to 
identify singular and dominant exposure routes (Wang et al., 2017; robb et al., 
2017); however, this approach is resource-intensive and potentially beyond the 
means of small-to-medium-sized enterprises. 
A cBs case study in Kenya was selected as an opportunity for a holistic explo-
ration and validation of a conceptual understanding of exposure risk in cBs systems. 
We define exposure risk in cBs in terms of health consequences, understanding it 
to be a product of interactions between the hazard (faecal pathogens), hazardous 
events, transmission pathways, and the susceptibility of the receptor (Figure 1). 
Management of risk includes the prevention, reduction, and mitigation of exposure 
risk. in this case study, the risk analysis is intended to integrate both human and 
technical dimensions to account for their effect on the frequency and intensity of 
the hazard level, exposure pathways, and receptor linkages illustrated in Figure 1 
(Broomfield et al., 2010; campos et al., 2015; stenström et al., 2011). The approach 
to risk assessment is informed by the different approaches and conceptualizations 
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Objectives
The overall objective of the study is to provide relevant insights of exposure risk 
and appropriate measures to achieve safely managed sanitation in the case study. 
We aim to highlight the types of contextual and behavioural factors that shape 
exposure risk and contribute to exposure risk management frameworks. The case 
study intends to contribute to robust exposure risk assessment in cBs systems 
through the development of methodological tools specifically highlighting the 
adoption of ccPs and ssPs. 
Study area
We used a case study on sanivation, a sanitation social enterprise, to charac-
terize exposure risks in a specific cBs system. sanivation provides a cBs service to 
approximately 100 customers in which they collect, treat, and transform the faecal 
waste into a solid fuel (Berner et al., 2015). Operations are located in a peri-urban 
settlement with approximately 60,000 inhabitants outside of naivasha, Kenya. 
The study period took place from 10 July to 2 August 2016. 
Ethics
ethics approval was granted by the chair of the Ucl research ethics committee at 
University college london (9097/001, approved 7 June 2016). sanivation granted 
approval to carry out research work (granted 12 May 2016) according to the research 
protocol and worked closely with the researcher to ensure the research was carried 
out in a rigorous and methodical manner. 
Figure 1 Conceptual model of exposure risk in CbS system illustrating the relationship between 
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Methodology
The methodological approach allowed for an exploration of risks which explicitly 
considered human behaviour in understanding pathways of diarrhoeal diseases; seen 
as an important risk factor in transmission of diarrhoeal diseases (Antwi-Agyei et al., 
2016; Darout et al., 2005; graf et al., 2008). Therefore, including socio-behavioural 
analysis was key to understanding and describing exposure risks during cBs opera-
tions, in particular how individuals perceive and respond to health hazards. We used 
a mixed-methodological approach to incorporate both qualitative and quantitative 
analyses to develop an understanding of: the level of environmental contamination 
(severity); principal exposure risks identified in system components (exposure risk 
outcomes); and the risk factors influencing relationships leading to these exposure 
risks (risk factors and transmission pathways). 
The case study utilized four main data collection components: 1) environmental 
sampling (severity); 2) hazard analysis (exposure risk outcomes); 3) a visual risk 
household survey (n = 20) (risk factors and transmission pathways); and 4) key 
informant interviews (n = 6) (risk factors and transmission pathways). 
The first component, environmental sampling, captured information on the level 
of faecal contamination of household toilet fomites (inanimate contact surfaces). 
We tested the samples for the presence of Escherichia coli (E. coli), a faecal indicator 
bacteria (FiB). From a total of 52 households involved in the study, we selected 
11 different households using random number sampling methodology. in addition, 
we sampled 34 faecal collection container surfaces and 15 urine collection container 
surfaces at the waste transfer site using the same selection methodology. We swabbed 
each fomite using a representative 10 cm2 area, stored the swabs in a 15 ml vial with 
7 ml of PBs solution, and quickly transported them back to the laboratory in a 
cool box. We processed the samples using the standard iDeXX colilert Protocol to 
provide a most probable number (MPn) of faecal coliforms with lower and upper 
detection limits of 1 and 2,400 MPn/100 millilitres, respectively. if no fluorescence 
was visible in the tray, then a zero value was assigned. We assumed the value of the 
upper detection limit if all the cells in the tray were fluorescent (russel et al., 2015). 
We calculated the colony forming units (cFU) E. coli/100 cm2 using a formula that 
accounts for sampling efficiency of the swab and dilution factor. statistical analysis 
of the colony counts was performed to obtain average, median, and standard 
deviation. The E. coli data was log-transformed (log 10), whereby zero colony counts 
were exchanged with a value of 1.0 (Devamani et al., 2014) so zero value could be 
analysed representing <1 cFU (du Preez et al., 2011). The ‘human faecal equiva-
lents’ methodology developed by Julian (2016) makes it possible to link the level 
of environmental contamination found on fomites to the possible infection risk 
(Julian, 2016). We followed the first step of this methodology and approximated 
the level of environmental faecal contamination by dividing the E. coli concentra-
tions on reservoirs by the average reported E. coli concentration in faeces, which was 
estimated conservatively as 106 cFU g−1 (Forsythe, 2010; Mara and Oragui, 1985). 
it bears noting that the swabbing technique for microbiological analysis has limita-




































































 RESEARCH ARTICLE: ConTAInER-bASEd SAnITATIon SySTEmS 285
Waterlines Vol. 37 No. 4 October 2018
bacteria from a surface and recovered bacteria may not be released from the swab 
(Moore and griffith, 2007). Despite these constraints, we employed the swabbing 
technique because alternative methods for microbiological analysis were cost-
prohibitive. To obtain data as robust as possible, we conducted a triplicate sampling 
procedure on both wood and plastic surfaces to explore any significant differences 
in the sample efficiency. This was included in interpretation of results as a factor of 
swabbing efficiency based on laboratory experiments. The test protocol followed 
established protocols (Moore and griffith, 2007; PHe, 2013). 
The second data collection component was a hazard analysis involving: 
1) system mapping of activities undertaken along the entire service chain (capture, 
containment, collection, transport, treatment, and safe reuse or disposal) including 
volumes and types of waste; and 2) identification of hazardous events and control 
measures, adapted from relevant modules of the ssP manual. The definition of a 
hazardous event, was ‘an event which might lead to human contact (users, operators 
or communities) with faecal waste and provide an opportunity for transmission 
and infection’ (WHO, 2016). Utilizing this definition as guidance, we developed a 
risk matrix that measured on one axis the frequency with which hazardous events 
might occur based on the presence (or absence) of appropriate control measures and 
the potential consequences or severity of health impacts on another. 
A preliminary workshop with the directors and project managers of cBs 
organizations (Oxford Toilet summit Participants, personal communication) 
informed our initial system mapping of the cBs system. For the case study 
we limited our assessment system boundary to the first four cBs components: 
containment during toilet use, emptying and collection, transport, and waste 
processing and treatment of the excreta and urine. For simplification, we did 
not consider reuse of the final product in the system mapping and subsequent 
exposure assessment. We shadowed the collection operator over four collection 
cycles (around 20 households/collection cycle) to observe activities and exposure 
events occurring at both the user interface and during collection and conveyance. 
similarly, we observed activities over a two-day period in the treatment and 
processing site. Table 1 illustrates the format of a structured observation checklist 
which was employed to note the potential hazardous events observed during this 
observation period. We then performed a risk analysis in which we characterized 
the exposure risk associated with a given hazardous event as high, medium or 
low. Finally, we utilized codex guidelines (WHO, 2003) to aid us in determining 
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points where hazardous events can be controlled or minimized, referred to as 
critical control Points (ccPs). Because the implementation of control measures 
and establishment of monitoring protocols fell outside the scope of the project 
objectives, we did not design a system for setting critical limits or monitoring 
and verifying control measures.
The third data collection component consisted of a structured household survey 
(n = 20) of closed-ended questions and observations, administered house-to-house, 
which took place during the observation of the collection events. The survey 
sheet is attached in Annex 1. We designed the survey to identify the likelihood of 
potential transmission routes of faecal oral pathogens via hands, soil, or vector-
related transmission routes and used predetermined risk factors and indicators 
drawn from relevant literature. risk factors and indicators included the type of anal 
cleansing materials used (McMahon et al., 2011), the functionality and accessibility 
of handwashing devices (Baker et al., 2016), the status of toilet cleanliness (Moore 
and griffith, 2007), odour, the presence of flies, spillages around the toilet, and 
the type of flooring (Pickering et al., 2012; Worrell et al., 2016; robb et al., 2017). 
We performed analysis of the survey using Microsoft excel to identify averages, 
means, and percentages of exposure risk and triangulated those results with data 
collected during the hazard analysis.
The final data collection component involved stakeholder consultation, comprising 
six in-person key informant interviews (Kiis) and informal discussions conducted 
with front-line staff and users over the course of several days. informants were briefed 
prior to the interview with an explanation of the research objectives and were shown 
Figure 1 to describe the routes of transmission of faecal pathogens relevant to cBs 
systems. The discussion framework was structured to elucidate personal perceptions 
of health risks to themselves and others. This included perceived susceptibility and 
severity to health risks as well as perceived barriers or ability to prevent exposure 
to risks (Ajzen, 1985; Mosler, 2012b). The interviews provide rich narratives about 
risk perceptions, individual behaviours, and faecal exposure during the use and 
operation of cBs sanitation infrastructure, which support a deeper understanding of 
the observational and quantitative data informing hazardous events and exposure 
pathways, triangulated with survey observations. We recorded interviews on a 
smartphone using Voice recorder software by TapMedia ltd. We then transcribed 
the interviews in nvivo and coded them using simple descriptive codes to identify 
major themes within the text. 
Results 
Environmental contamination
in order to collect information on the level of contamination at cBs sites, we sampled 
a total of 24 household toilet fomites (seat and surfaces) and 48 collection containers 
(faecal and urine) for the presence of E. coli on the exterior contact surface. Overall, 
41 per cent of household toilet fomites sampled had a positive presence of E. coli, 
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The distribution of the environmental data is presented in Figure 2. The data 
indicates the variability of the concentrations of E. coli on contact surfaces 
(large inter-quartile ranges). For all contact surfaces (1–4) the lower value and lower 
quartile are the same as the data is highly positively skewed to the left indicating 
surfaces are free from E. coli. For faecal containers there is no inter-quartile range as 
there was such a high proportion (>75 per cent) of zero values after transformation. 
Table 2 presents the log transformed mean concentrations of E. coli on contact 






















Contact surface: 1 - toilet surface; 2 - loo seat; 












Figure 2 E. coli concentrations at point of surface contact on toilet surfaces 
note: The lines of the box-and-whisker plot represent, from the bottom: the minimum value, 
the lower quartile, the median value, the upper quartile and the maximum value. The difference 
between the upper and lower quartile (between the outer lines of the box) represents the Inter-
quartile Range (Exley et al., 2015).
Table 2 Transformed log data of E. coli concentrations found on different contact surfaces along 
the sanitation value chain 
Contact surfaces Log transformed E. coli data adjusted for sampling efficiency  
(log 10 E. coli/100 cm2)
Mean Median Maximum Minimum Standard 
deviation
Surfaces of the toilet 1.26 0 3.73 0 1.79
Loo seat 1.39 0 4.93 0 1.95
Urine containers 1.16 0 4.08 0 1.63
Faecal containers 0.40 0 3.81 0 0.97
note: The mean values compare the values of log 10 E. coli CFU/100 cm2 for toilet surfaces (n = 13), 
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(1.39 log E. coli/100 cm2) followed by the surfaces of the toilet (1.26 log 
E. coli/100 cm2). samples from the urine and faecal collection container surfaces 
were somewhat lower, at 1.16 and 0.4 log E. coli/100 cm2, respectively (Table 2), 
although comparable maximum levels of E. coli concentration were observed 
across all fomites sampled from 4.083 to 4.925 log E. coli/100 cm2.
Table 3 presents the estimated amount of faecal equivalent on the key contact 
surfaces. The highest amount of mean faecal contamination was on loo seats 
(10−2 g−1 faeces) and lowest values observed were on faecal collection containers 
(10−4 g−1 faeces). The maximum amount of faecal contamination observed was also 
on loo seats (approximated at 10−1 g−1 faeces).
Hazard analysis: exposure risk
The hazard analysis revealed multiple hazardous events and opportunities for 
exposure related to toilet use, emptying and collection, transport, and waste 
processing and treatment illustrated in Table 4. We present the findings of the 
hazard analysis below for each of the system components and cross-reference them 
with multiple data elements. 
Table 3 Approximate amount of faecal contamination observed on toilet surfaces frequently 
handled during servicing activities in CbS. 
Contact surfaces Human faeces equivalent grams E. coli/100 cm2
Mean Maximum
External sides of blue box 0.0023 (2 × 10−3) 0.016 (10−2)
Loo seat 0.0104 (10−2) 0.842 (8 × 10−1)
Urine containers 0.0015 (10−3) 0.012 (10−2)
Faecal containers 0.0003 (3 × 10−4) 0.012 (10−2)
note: Comparison of the mean and maximum amounts of faecal contamination across the 
sampled surfaces: toilet surfaces (n = 13), loo seats (n = 11), urine collection containers (n = 15), 
and faecal collection containers (n = 34).
Table 4 Summary of hazard analysis according to SSP guidelines and the CCPs identified in the 
case study 
Potential hazardous events  
by critical control point
Risk  
level









Training and awareness raising 
Appropriate toilet design 
Airborne particulates from poor 
sealing of collection containers 
leading to ingestion and inhalation 
Low for users Strong sealing mechanism  
(lid/cap/bag fastening) for waste 
collection containers 
Spillages or overflow from collection 
container (especially urine, faeces, 
tissue) contaminates surfaces 
Low 100% of collection containers sealed 
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(continued)
Potential hazardous events  
by critical control point
Risk  
level
Risk management  
recommendations 
Regular and frequent servicing: 
e.g. SmS-based collection dispatch 
service to efficiently plan collection 
and servicing schedules
Use of sensors inside collection 
container
Signage and risk communication: 
communication and emergency 
number clearly positioned for 
response in case of spillage
The seal should be regularly 
monitored for wear and tear and 
replaced in good time
2. Handwashing
Hand contamination due to failure to 
practise handwashing after accidental 
contact with faeces due to lack of anal 
cleansing materials
High Access to handwashing facilities 
Transfer of surface contamination of 
toilet surfaces onto hands
Enabling behaviour change to 
encourage uptake and practice of 
handwashing
Cleaning and disinfection protocols 
3. Cleaning toilet surfaces
Handling enhanced surface 




Cleaning protocols established: 
e.g. disinfection using a 0.2% 
chlorine solution during waste 
processing effects a chlorine 
residual on waste collection 
containers
Training on effective cleaning 
protocols 
monitoring of residual levels of 
chlorine at household level
4. Collection and emptying
malfunctions of PPE and non-
compliance to PPE
Handling of contaminated surfaces 
and containers
High Full PPE worn 100% of the time
Glove protocol: e.g. disposable 
latex gloves used where red gloves 
are not appropriate providing 
they are exchanged between 
households
Hand sanitization between 
households to prevent potential 
transfer of contamination between 
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Potential hazardous events  
by critical control point
Risk  
level
Risk management  
recommendations 
Regular and frequent training to 
communicate health risks and 
increase perception of exposure risks 
among operators
Spillages of raw waste Low Containers should be directly 
placed onto the collection vehicle 
to prevent the risk of spillages and 
unsupervised collection containers 
in the local environment and 
exposure to people
5. Transportation
Spillages occurring during transport 
of waste is when most community 
exposure occurs 
Exposure occurs via multiple 
pathways resulting from spillages 






Covered collection vehicle to 
prevent leakage and environmental 
contamination 
At the end of shift collection vehicles 
should be fully washed down and 
disinfected with 0.2% chlorine 
solution while wearing PPE
An appropriate environmental spillage 
protocol (including disinfection with 
0.5% chlorine solution) 
Appropriate monitoring and 
management
PPE worn 100% of the time
Signage and risk communication: 
communication and emergency 
number clearly positioned for 
response in case of spillage
6. Offloading of containers at 
waste treatment
Handling of contaminated container 
and raw waste is a potential 
hazardous source to operators and 




Full PPE worn 100% of the time
Regular and frequent training to 
communicate health risks and 
increase perception of exposure risks 
among operators
Low for solids Signage and risk communication
7. Transfer of urine/excreta to 
storage/treatment
Handling, aerosolization, and 
manipulation of the raw waste
medium to 
low 
Full PPE worn 100% of the time
Spillages of raw waste Physical fly barrier in waste 
transfer zone
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Potential hazardous events  
by critical control point
Risk  
level
Risk management  
recommendations 
Regular and frequent training to 
communicate health risks and 
increase perception of exposure risks 
among operators
malfunction of PPE and non-
compliance
Low Signage and risk communication
8. Washing and disinfection
The main hazardous source 
was splashing of contaminated 
wastewater onto the operator
High Full PPE worn 100% of the time
Contamination of the environment 
following discharge of the wastewater
Regular and frequent training to 
communicate health risks and 
increase perception of exposure risks 
among operators
Cleaning and disinfection protocols 
9. Incineration of solid waste
Incineration of the contaminated 
waste. Release of airborne particulates 
and inhalation by the operator or 
nearby community
medium Full PPE worn 100% of the time
Regular and frequent training to 
communicate health risks and 
increase perception of exposure risks 
among operators
Signage and risk communication
Toilet use. At the user level, hand contamination was the hazardous event with 
high exposure risks occurring through accidental contact with faecal matter or 
handling of contaminated surfaces and subsequent direct or indirect oral ingestion. 
User interviews revealed age-specific user groups (those under five and the elderly) 
who experienced the greatest difficulty with using the toilet, resulting in a higher 
likelihood of misuse and hand contamination. These findings underscore the 
importance of adequate supervision and training by heads of the households. 
For example, the following interviewee indicated, ‘i have shown the children 
how to use it, [so] they never put their hands inside’. The household survey 
indicators for hand contamination also revealed poor access to cleaning materials 
for anal cleansing and handwashing, indicated by presence of newspaper and 
toilet paper for anal cleansing in refuse containers collected by sanivation; only 
50 per cent of households surveyed had access to tissue paper or newspaper 
(30 per cent and 20 per cent, respectively) and an even smaller proportion (20 per 
cent) had access to functional handwashing. Moreover, 30 per cent of toilets had 
visible faecal smears on their surfaces. notably, some of the findings revealed 
how the cost of cleaning materials is a factor relevant to exposure through hand 
contamination. For example, one interviewee indicated that, ‘[T]issue (toilet 
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that time’. User interviews also suggested that even when handwashing facilities 
are available, individual handwashing habits are not consistently adhered to. 
For example, one user stated that ‘(B)ecause if you go to the toilet you can forget 
to wash your hands, it is very dangerous. You can see your friends and touch and 
[be]come contaminated’. 
Our findings indicated that spillages and blockages of faecal matter into the urine 
diverting portion of the toilet, or ‘cross-contamination’ during toilet use, consti-
tuted a hazardous event with medium exposure risks for toilet operators, especially 
in cases where toilet users demonstrated poor defecation habits. We found exposure 
risk for toilet users from cross-contamination to be lower given that users were 
constrained to their own toilet facilities and the household survey indicated that 
90 per cent of urine diversions were free from blockage at the time of observation. 
However, user interviews referred to specific aspects of toilet design that elevated 
the likelihood of misuse, especially for younger users. For example, the following 
interviewee discussed her child’s difficulties with using the toilet: 
(A)lso the toilet is more up, so he has to struggle, to sit on it, always he has to 
miss, because he poops in the urine barrel instead of – even the hole is bigger 
than him, but i go and clean it. He is five years. 
Another interviewee indicated that ‘older users … are not able to sit adequately on 
the box; some might fall inside’. 
We considered all other hazardous events identified during the hazard analysis 
to present low exposure risks. We detail these events in Table 4 and refer to the 
household survey and interview results. 
Collection and conveyance. We found high exposure risks during collection and 
conveyance to toilet operators given the high frequency of their manual handling 
of contaminated surfaces (Table 4). Although the hazard analysis revealed that 
certain control measures for toilet operators were in place, including the mandatory 
use of personal protective equipment (PPe), including gloves and other hand 
hygiene protocols, compliance with those measures remained less than 100 per 
cent. Additionally, in the absence of strict cleaning protocols, we observed that some 
operators would remove their heavy-duty gloves to facilitate cleaning. Operators 
noted these risk outcomes in their interviews and found them to be higher for 
service operators than for operators working at the waste treatment site, based on 
a differential frequency of exposure. As one operator noted: ‘The collector is the 
one who is more at risk with collecting the poop, who is at more reaching the 
households not only once or twice’. 
We determined that there were low-to-medium exposure risks due to urine 
spillage from waste containers during collection and conveyance. specifically, we 
found that spillage risk was initially attributable to overfilling and/or the poor 
condition of container lids and seals and then exacerbated during conveyance by 
the use of a collection vehicle that wasn’t fully sealed and by bumpy road condi-
tions. The existing spillage protocol, which clearly articulated steps to follow after 
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observed, meaning the control measures were only partially effective and exposure 
risk observed cannot be completely removed. Aside from direct physical contact 
with human waste, the inhalation of bio-aerosols presented another exposure route 
for operators. However, this risk factor remained relatively low during the perfor-
mance of collection and emptying services, given that faecal waste containers were 
fully covered, and the operators were observed to be wearing protective face masks 
during collection and emptying activities.
Waste treatment and processing. Our hazard analysis identified potential exposure risks 
from aspects of waste treatment and processing observed during the structured obser-
vations. specifically, operators encountered high exposure risk from spillages during 
the offloading, as well as splashing during the cleaning of the waste containers, in 
the absence of a mechanized process or other physical design parameters that may 
have controlled exposure risks. The exposure risk was mitigated in part, by control 
measures, such as wearing PPe. 
We identified all other hazardous events during waste treatment and processing 
as presenting low exposure risk. Our findings were supported by direct observation 
of operators’ access to and high compliance with effective PPe measures, as well as 
by interviews with front-line staff who discussed how pre-employment and regular 
training instilled in them a keen sense of risk awareness. For example, we identified 
a low risk of exposure to bio-aerosols during incineration of plastic bags as operators 
complied with wearing PPe masks and were trained to identify insufficient waste 
burning temperatures through the production of a black/grey smoke and make 
necessary corrections. However, the risk of bio-aerosol exposure could increase in 
instances where an insufficient chimney height on the incinerator meant that smoke 
was generated at the level of the operators’ heads.
Critical control points. Finally, we identified from the hazard analysis nine critical 
control points (ccPs) where it is possible to eliminate or reduce specific exposure 
to faecal pathogens resulting in possible health risks. These nine ccPs are: 1) toilet 
use; 2) handwashing; 3) cleaning of toilet surfaces; 4) collection and emptying of 
containers; 5) transportation of waste; 6) offloading of raw faecal sludge and urine; 
7) the processing and transfer of waste to treatment; 8) washing and disinfection; 
and 9) incineration of solid waste (non-faecal). At these ccPs, we enumerated 
hazardous events and control measures and associated steps in Table 4, in which we 
also issue recommendations for new and/or improved control measures designed to 
reduce exposure risk. 
Discussion: combining findings of environmental contamination, 
transmission pathways, and exposure risk
Our research aim was to characterize exposure risks to users and operators in 
the context of a specific cBs case study, performing a risk assessment that we 
triangulated with environmental sampling, a household survey, and key stake-
holder interviews. each qualitative and quantitative data stream garnered through 
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we believe our findings provide a nuanced understanding of exposure risks and 
control measures within the context of a specific cBs case study that is not previ-
ously found in sanitation research. We suggest that, if insufficiently managed, 
the hazardous events we identify in our research may present exposure risks with 
adverse consequences to occupational and public health outcomes. We critically 
analysed the findings in relation to previous studies of exposure risk and disease 
transmission, as well as studies detailing exposure risks associated with occupa-
tional safety and health hazards in sanitation and waste management in both 
developing and developed country contexts (Bleck and Wettberg, 2012; Turner 
et al., 2005; rongo et al., 2004).
We recognize several limitations and assumptions made in the supporting data. 
Firstly, the small sample sizes precluded statistically relevant analysis and the use of 
control groups (Tilmans et al., 2016). extrapolating our findings to other cBs systems 
is hampered by the lack of confidence with which we can be sure these results are 
representative of this case study let alone other cBs systems. no data was collected 
from other onsite or offsite sanitation systems, given that it was out of the scope 
of the project. note our study did not set out to compare the exposure risks in cBs 
systems with alternative sanitation systems; instead our objective was to highlight 
the exposure risks and inform effective risk management approaches relevant in 
the context of a particular case study. However, future research should encompass 
comparisons between sanitation systems to make evidence-based decisions when 
promoting sanitation systems to meet the sDg 6 of universal sanitation. lastly, 
the researchers were not able to fully involve the specific team charged with risk 
assessment, which necessitated that we rely heavily on individual expert opinion 
when assigning risk levels. However, we argue that the detailed narratives of exposure 
gleaned from the household survey and interview data, as well as the variety of data 
streams we utilized, are factors counterbalancing the constraints in our findings. 
in terms of the severity of environmental exposure, the study found the mean 
concentration of E. coli across the range of contact surfaces ranged from 0 to 1.39 log 
E. coli/100 cm2, while the maximum level was observed on toilet seats (4.93 log 
E. coli/100 cm2). The modest levels of faecal contamination on fomites corresponded 
to estimated human faecal equivalents between 10−4 and 10−2 g−1 faeces, and a 
maximum amount of 10-1 g-1 faeces found on loo seats. The consequence in terms 
of infection risks to exposure is based on specific dose-response relationships (Haas, 
2014) which define the dose of pathogenic cells required for an infection in an 
exposed individual. For example, Julian (2016) assumed an infective dose of Shigella 
and the number of pathogen cells shed per gram of faeces during infective periods, 
and proposed that a level of environmental contamination of 10−7 g−1 faeces repre-
sents a ‘non-negligible risk of infection to exposure’ (Julian, 2016). in the context 
of this case study, even the lowest estimation of faecal equivalents on collection 
containers (10−4 g−1 faeces) poses a potentially high risk of infection to exposure. 
Previous studies evaluating toilet use have similarly found that dirty toilets present 
exposure risk to toilet users and operators (Baker et al., 2016; stenström et al., 
2011; Höglund, 2001), while faecal contamination of surfaces have been linked to 




































































 RESEARCH ARTICLE: ConTAInER-bASEd SAnITATIon SySTEmS 295
Waterlines Vol. 37 No. 4 October 2018
surface contamination will depend on the characteristics of the specific pathogen 
such as, pathogen load, infectious dose required (Katukiza et al., 2014), and the 
environmental persistence ( Julian, 2016) of the pathogen. The technical challenge 
and expense of defining microbial hazard to pathogen level may preclude quanti-
tatively assessing infection risks; moreover primary data on disease aetiology in 
the community is often not available. Therefore, sanitary household indicators are 
useful to guide risk assessments where there is an absence of microbial hazard data. 
secondary data such as community health surveillance may also provide guidance 
for risk assessment. in general, a higher risk of transmission from surfaces has 
been observed during the acute infection stage of diarrhoeal diseases (Barker and 
Bloomfield, 2000) due to higher pathogen load in faeces. 
The presence of faecal smears, observed in 30 per cent of households surveyed, 
broadly corresponded to the 41 per cent frequency of E. coli contamination we found 
on household contact surfaces. Our study provides evidence to support the conclusion 
that faecal smears are a reliable indicator of surface contamination; however, the 
number of samples required would be far larger for this to be statistically relevant. 
A previous study by scott and colleagues (1982) undertaken in the United Kingdom 
testing bathroom surfaces in domestic household environments suggests that the 
origin of surface contamination derives from faecal pathogens and found comparably 
high levels of faecal contamination (scott et al., 1982). Although it is possible for faecal 
contamination to derive from external sources (not related to the toilet faecal matter), 
the UK study controlled for significant external environmental contamination, 
thereby establishing a precedent for a conclusion that the levels of toilet contami-
nation encountered originated from faecal matter from the toilets themselves. 
infection risk also depends on the ability of contaminated fomites to transfer 
contamination to another surface, which, in turn, depends in part on the porosity 
of the contaminated material. Previous studies point to a high variability of transfer 
rates ranging from <0.01 per cent to 50 per cent, with the highest bacterial transfer 
rate corresponding to the presence of hard, non-porous surfaces (rusin et al., 2002; 
Julian et al., 2010). lingaas and Fagernes (2009) found bacterial transfer from the 
hands occurred more readily from gloved hands than bare hands during person-
to-person contact (lingaas and Fagernes, 2009). conversely, disinfection efficacy 
appears to be greater for gloved as opposed to bare hands (scheithauer et al., 2016). 
This role of fomites in exposure is relevant given the role of gloves in hand hygiene 
and contact transmission and the potential implications for exposure in cBs systems. 
Overall, little research has been conducted on the efficacy and role of gloves and 
other hand hygiene procedures in field trials of sanitation systems. The relationship 
between fomites, transfer efficiency, hand contamination, and exposure risk in a 
case study selected to represent a cBs system is an important issue under discussion 
in a forthcoming paper. 
Our hazard analysis, which followed ssPs guidelines, produced novel results 
delineating events with high, medium, and low exposure risks. Our analysis was 
combined with the HAccP framework to identify critical control points (ccPs) 
where it is possible to prevent or reduce exposure risks, thereby protecting the health 
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associated with toilet use, collection and transport, treatment and final disposal of 
waste materials (Table 4). We acknowledge that toilet use and handwashing (ccP 1 
and 2) would likely be relevant for most sanitation systems and are not unique 
to this case study or cBs systems. indeed toilet use has been associated with the 
positive presence of pathogens on hands (Feacham et al., 1983) and the trans-
portation of faecal pathogens into the environment after defecation is linked to 
secondary contamination of foods, fomites, and water (Mattioli et al., 2013; Wang 
et al., 2017). The remaining seven ccPs (Table 4) are uniquely associated with the 
specific processes and steps associated with the cleaning, collection and emptying, 
transportation, treatment and disposal of human waste in this case study of a cBs 
system, yet we would expect ccPs to vary according to the processes and steps 
occurring in different cBs systems. We highlight the role of identification of ccPs 
in risk management, which, when combined with successful control measures, 
is fundamental to health and safety across the entire cBs sanitation value chain. 
Health risks frameworks that use ccPs are noted in the management of health risks 
from disposal of contaminated human waste in global contexts (edmunds et al., 
2016). This study provides a timely update to the assessment of health risks arising 
from urine diversion dry toilets (UDDT) performed by stenström and colleagues 
(2011) which identified similar potential exposure points, equivalent to ccPs 
(stenström et al., 2011). 
Hand contamination presented high exposure risks for toilet users and was largely 
attributable to poor access to adequate anal cleansing and handwashing products, 
as well a failure by some toilet users to wash their hands properly ‘post-defecation’ 
when handwashing materials were available. These findings are replicated in other 
studies where the link between hand hygiene and diarrhoeal transmission is well 
proven (Baker et al., 2016; Mattioli et al., 2013, 2015; cairncross et al., 2010; curtis 
2000). The recent saniPath study acknowledged that hands play a pivotal role in 
exposure. That said, as Wang and colleagues (2017) point out, significant hand 
contamination does not necessarily imply high exposure given a rapid temporal 
variability in the hand contamination and, therefore, limited occurrence of actual 
ingestion (Wang et al., 2017).
Overall, we found exposure risk from airborne pathogens to be comparatively 
low in the presence of adequate safeguards and controls. Previous risk evalua-
tions have presented an elevated risk of exposure from direct inhalation of viruses 
and bacteria due to the presence of helminth eggs on operator masks during pit 
emptying (Buckley et al., 2008). Airborne routes have also been deemed a signi-
ficant disease transmission pathway in both the food and waste processing indus-
tries (Maricou et al., 1998; Buttner and stetzenbach, 1993). A systematic review 
linked an elevated risk of respiratory diseases with composting and waste sector 
occupation, due to inhalation of bio-aerosols (airborne particles of biological origin), 
finding that immunosuppressed persons are particularly vulnerable (Walser et al., 
2015). The quantification of potential health risks is precluded by a lack of data or 
measurements of exposure to bio-aerosols in the workplace(Walser et al., 2015). One 
study found good working conditions accounted for low health risks arising from 
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populations with less satisfactory working conditions (Tschopp et al., 2011). such 
a warning may be heeded in cBs systems operating in low income countries where 
workplace conditions are not comparable.
The non-compliance with PPe safety protocols was a high exposure risk for 
collection operators, which appears to be a systemic problem across various indus-
tries and geographies. For example, safety reviews of occupational health risks have 
demonstrated compliance to hand hygiene protocols commonly to be as low as 
40 per cent in healthcare workers and non-compliance to be linked to increased risk 
of gastrointestinal disease (Peasey, 2000; stenström et al., 2011; enger et al., 2013). 
in other scenarios, poor compliance with PPe protocols contributed to 30 per cent of 
sick leave and time off for waste operators (Haagsma et al., 2012). A key finding from 
our analysis of Kiis with operators in the case study was that the level of operator 
non-compliance varied across system components and that this outcome appears 
to be attributed to differences in risk perceptions affected by training, relevant risk 
signage, and peer-to-peer enforcement. The impact on behaviour is discussed below. 
We also found that compliance with PPe protocols alone was insufficient to reduce 
specific exposure risks to operators during some of the activities performed during 
waste treatment due to limitations of existing PPe equipment. The physical character-
istics of the workflow, specifically, the intensity and frequency with which operators 
manually handle waste, may augment exposure risks faced by cBs system operators 
during collection and treatment activities. We found that manual activities such as 
turning of plastic bags inside out to evacuate faeces and emptying of multiple small 
volume urine containers is highly intensive and repetitive. The level of individual 
exposure risk resulting from repetitive activities is cumulative as opposed to a single 
one-off event. This finding is reported in risk analyses of industries similarly charac-
terized by a predominance of manual handling of municipal waste in contexts 
similar to the study area (Bleck and Wettberg, 2012). Therefore, the substitution, 
reduction or elimination of the number of steps and processes involving manual 
handling during high risk activities may be a more efficient control measure, in 
contrast to behavioural interventions such as PPe (ibid.).
The exposure risks to operators arising from the conveyance of urine warrants 
further study given the findings we gleaned from the environmental data, which 
show significant levels of faecal contamination on urine containers. As discussed, we 
found that misuse by toilet users can lead to cross-contamination of faecal matter in 
the urine diverter portion of the toilet. The toilet operators then faced exposure to 
faecal matter from the splashback and spillage of urine (which is less viscous than 
solid waste) during waste collection and conveyance. Although household survey 
respondents reported relatively few blockages at the time of observation, respondents 
did refer to occasions of misuse, especially by younger users and the elderly, which 
would explain the faecal contamination we found on urine collection containers. 
notably, previous research has proven inconclusive on the role of urine as a trans-
mission pathway for faecal pathogens. A study by Bischel and colleagues (2015) found 
100 per cent of urine samples collected from urine diversion sanitation systems had 
diarrhoeal bacteria representing a wide spectrum of faecal pathogens (Bischel et al., 
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samples negative for rotavirus (roV) and norovirus (noV) in a similar study (Makaya 
et al., 2015). The likelihood of faeces-to-urine cross-contamination, as well as the 
role of causal mechanisms and controls, are therefore areas of research that demand 
further exploration. Our data, however, does indicate that cross-contamination of 
faecal matter into urine collection containers may represent a transmission pathway 
for faecal pathogens necessitating new and/or improved control measures. 
Risk factors
in the following section, we discuss how the results derived from the case study 
underscore how exposure risks cannot be controlled effectively by focusing solely 
on linear causal chains. instead, a true deconstruction of exposure risks must 
acknowledge the presence of the multiple, inter-related causal mechanisms and risk 
factors illustrated in Figure 1, which is supported by the results of the hazard analysis. 
Firstly, we consider how exposure is driven by equipment and infrastructure design, 
raw materials selection, and maintenance, which is an idea reflected in the principle 
of ‘safety guided design’ popular in the field of systems engineering (leveson, 
2012). For example, interview data from the case study refers to the benefits of 
child-adapted seats that encourage the correct use of the toilet, while the physical 
integrity, size, and condition of equipment influences the frequency and severity 
of spillages during transportation. Previous risk assessments have also pointed to 
the selection of surface materials as a factor relevant to surface contamination and 
recommended pre-fabricated plastics and non-porous concrete as materials that 
enhance the ease of effective cleaning and reduce the risk of contamination. 
secondly, we acknowledge that behavioural factors are fundamental to risk 
management in sanitation. During interviews, operators referred to the effec-
tiveness of pre-employment and regular training, which they indicated imparted 
a keen sense of risk awareness. This improved perception of risk, in turn, led to 
positive behavioural practices, such as compliance with safety protocols, which 
lowered exposure risks. We therefore consider that the absence of hand hygiene 
habits referred to in users’ Kiis may have resulted from lapses or memory failures 
not controlled through automation of preventive actions (Hurst, 1998). The impli-
cation is that employing successful behaviour change strategies focusing on habit 
formation regarding hand hygiene may be beneficial in ensuring effective control 
measures to address both users and occupational exposure risk in this scenario. 
Proposed interventions may utilize formal behavioural analysis techniques, such 
as those proposed by contzen and Mosler (2015) to isolate factors steering desired 
behaviours and are then linked to specific behavioural interventions (contzen 
and Mosler, 2015). To improve specific habitual behaviours, techniques are employed 
that focus on changing specific factors related to self-regulation. For example, correct 
personal hand hygiene is enforced by techniques that prompt (self)-monitoring of 
behaviour; for example, encouraging users to record their hand washing frequency 
using sticker charts (for children) or activity diaries (for adults) is a proven behav-
ioural intervention. Providing feedback on a persons’ handwashing behaviours 
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to evaluate their own behaviour in relation to a set goal are all recommended by 
contzen and Mosler to support desired behaviour changes (contzen and Mosler, 
2015.). For employees, pre-system checklists and safety checks, which encourages 
habit formation and ensures operator compliance with a range of control measures 
including PPe, prior to specific operations or activities, is commonplace in sectors 
contending with high risk operations. such checklists may be operated via smart-
phones and monitored in real time, or paper-based. 
We also found age to be a contributing behavioural factor in exposure risk. Firstly, 
toilet misuse is more likely in younger users who demonstrated less familiarity with 
how to properly operate the toilet, as well as differences in anatomy that could 
potentially increase their vulnerability to exposure (e.g. falling into the toilet) 
(Moya et al., 2004). secondly, children under five have far higher rates of hand-to-
mouth contact events compared with adults; exposure to faecal pathogens from 
hand contamination can account for 97–98 per cent of the total faecal matter a 
child under five ingests in a day (Mattioli et al., 2013; Pickering et al., 2012). Finally, 
we identified broader socio-economic factors influencing individual anal cleansing 
behaviours, supported by previous ethnographic research (McMahon et al., 2011) 
and noted the heightened risks from exposure experienced by especially vulnerable 
children (e.g. those in low income households) (rheingans et al., 2014).
A third driver of exposure risk was tangibly represented by a positive safety 
culture (Hurst, 1998), as reflected in the interviews we conducted with front-
line staff and field managers who seemed highly aware of and proactive about 
potential health risks. specifically, we observed how front-line staff would consis-
tently bring risks to the attention of management and advocate for methods of 
improving health and safety across the organization. At the management level, 
we observed field managers demonstrating a proactive attitude towards risk 
management through their distribution of health and safety manuals to staff 
and commitment to ensuring staff receive relevant vaccinations to reduce post-
exposure vulnerability. We argue that the collaboration between and procedures 
separately undertaken by front-line staff and field managers for this study are itself 
an embodiment of a positive safety culture. 
Finally, we found that the physical characteristics of the external environment 
are a fourth factor influencing exposure risk. seasonal or broader environmental 
factors are acknowledged to influence level of diseases risk in the ways specific 
pathways may be affected (Maponga et al., 2013). in this context, the in-depth 
interviews uncovered how outbreaks of diarrhoeal diseases were perceived to 
affect the severity of the exposure incident and subsequent health consequences 
depending on the type and number of disease agents. Our study has uncovered 
how flooding or other extreme weather events can increase the risk of poor perfor-
mance of soakaway or drainage units, encouraging environmental contamination 
of groundwater. seasonal rain effects were also found to compromise transportation 
conditions given the absence of tarmac roads and can increase associated exposure 
risks such as spillage during transportation. Preventive actions including practising 
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Conclusion
in conclusion, the hazard analysis lays out the key exposure risks that arose during 
the use and operation of cBs, in particular the potential role of fomites in pathogen 
transmission. There are no previous studies of which we are aware that examine in 
comparable detail the risks faced by cBs operators, specifically, during collection and 
conveyance activities. The risk assessment in the case study draws out the complex and 
multi-dimensional nature of exposure which is moderated by the specific technical, 
behavioural, system safety culture, and environmental factors. We believe that the 
ccPs, when combined with relevant control measures, are able to reduce or prevent 
exposure risks. However, it is important to keep in mind that our analysis is based on a 
case study, performed in June 2016, and the results are liable to date quickly given the 
advancements in this sector. The case study was selected as it represented one of the 
leading cBs service providers using state of the art and innovative cBs processing and 
treatment modalities. However, further work is required to update the findings. in the 
meantime, the ccPs identified and methodological approach presented provide an 
entry point and tools to adopt for performing future risk assessments in cBs. 
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